Abstract. Six new enantiopure chiral organosulfur donors, with structures related to BEDT-TTF, have been synthesised for use in the preparation of organic metals, starting either by double nucleophilic substitutions on the bis-mesylate of 2R,4R-pentane-2,4-diol or by a cycloaddition with subsequent elimination of acetic acid on the enol acetate of (+)-nopinone. Crystal structures of some of their radical cation triiodides salts and TCNQ complexes are reported.
Introduction
The radical cation salts and charge transfer molecular complexes of TTF 1 and BEDT-TTF 2 show a wide range of electrical behaviour, and have found use in a range of systems including metallic systems, semiconductors and low-temperature superconductors. 1 Introduction of chirality into the system may be expected to introduce further effects. Indeed, Rikken has demonstrated the phenomenon of magneto-chiral anisotropy in carbon nanotubes, i.e. that in a coaxial magnetic field the resistance to current flow along nanotubes with enantiomeric structures are different. 2 Furthermore, one could anticipate that chirality may modulate the Hall effect, in which the path of an electric current travelling in a perpendicular magnetic field is displaced in a direction perpendicular to both that of the current and the magnetic field. The challenge is to prepare molecular materials in which the current can flow in a chiral environment, and the state of progress has been reviewed recently. 3 In one approach several enantiopure organosulfur donors have been prepared, including donors with chiral sidechains e.g. 3-4, 4 BEDT-TTF derivatives with stereogenic carbon atoms in the molecular skeleton, e.g. 5-8 [5] [6] [7] [8] [9] [10] , EDT-TTF derivatives containing a chiral oxazoline group such as 9, 11 and an enantioenriched donor 10 containing a stereogenic sulfur atom. 12 A small number of radical cation salts of enantiopure donors have now been characterised and in two cases, (6) 2 PF 6 and (9) 2 AsF 6 , a comparison made between enantiomeric and racemic materials. 7, 10 In the former, stacks of donors on either side of the anions are related by a centre of symmetry in the racemate and by a two-fold rotation axis in the enantiopure salt but the salts have similar conductivities; 8 however, in the latter the enantiopure material shows a room-temperature conductivity an order of magnitude higher than for the racemate, due to disorder in the racemate, 11 however no suitable system has been found so far in which chirality is strongly expressed in the packing arrangement. Other approaches for incorporating chirality into such salts are to use either a chiral anion such as tris(oxalato)Cr(III) 13 or [Sb 2 (L-tartrate) 2 ] 2-14 or to introduce an enantiopure solvent molecule in the salt's crystal structure. 15 The arrangement of donors in a helical arrangement is a particularly attractive goal, and has been partially achieved by supramolecular organisation of donor pairs in the TTF mellitate salt. 16 Here we report the synthesis of a group of novel chiral organosulfur donors, 11-16, in which chirality is provided by one or more hydrocarbon groupings. The structures of products from initial experiments to form charge transfer complexes are also described.
Discussion

Synthesis of 11 and 12
Electrocrystallisation of the enantiopure donor (S,S,S,S)-tetramethylBEDT-TTF 5 has given a series of radical cation salts, but their crystal structures were pseudocentrosymmetric, with the methyl groups adopting equatorial orientations. 6 However, we reasoned that insertion of a methylene group between each pair of stereogenic centres to give 11 would provide a more promising system. The outer seven-membered rings of donor 11 would be expected to adopt chair conformations and give two possible molecular conformations, A and B (Fig. 1 ), in analogy with the structures of 17-19. 17 The trans orientation of the methyl groups on the propylene bridge would force one into an axial position and the other into an equatorial position.
Molecules in conformation B could be envisaged to stack in a helix. The synthesis of donor 11 started with the cyclisation of the dithiolate 20, prepared in three steps from carbon disulfide, 18 with the bis-mesylate of R,R-pentane-2,4-diol (Scheme 1). The first mesylate group is substituted by reaction in methanol at room temperature, but it was necessary to replace the methanol with THF and heat to reflux to complete the cyclisation to give the thione 21 in 45% yield. The thione was converted to oxo compound 22 using mercuric acetate in quantitative yield, and this was then homocoupled in refluxing trimethyl phosphite over 24 hours to give 11 in 75% yield. Cross-coupling, under similar conditions, of oxo compound 22 with a three-fold excess of the unsubstituted thione 23 yielded the cross-coupled donor 12 in 22% yield after chromatography. The low yield of 12 is a consequence of the faster homocoupling of thione 23 to give BEDT-TTF.
Scheme 1
The molecular structures of donors 11 and 12 were determined by X-ray crystallography. For both donors the seven-membered rings adopt chair conformations with one methyl group in an axial position and one in an equatorial position. For the homocoupled donor 11 (Fig. 2) the structure of the organosulfur system deviates very strongly from planarity, with the plane of the central S 2 C=CS 2 grouping lying at 31.8 and 35.2 to the planes defined by the S-C=C-S groupings of the outer dithiepine rings, to give the molecule a strongly bowed structure. The structure of the cross-coupled donor 12 ( Fig. 3) is not so bowed, with the plane of the Despite the non-planarity of these donors, it is envisaged that, on formation of radical cation salts, the organosulfur region of the molecule will be closer to planarity. 
Synthesis of donors 13-16
We have already shown that ()-α-pinene undergoes diastereoselective addition to the trithione 24 to give the thione 25 but, after conversion to the oxo compound 26, attempted self-coupling in triethyl phosphite gave only tetra(ethylthio)TTF (Scheme 2). 9 The X-ray crystal structure of 25 indicated strain at the quarternary carbon atom at the fusion with the dithiin ring, and it is probably this factor in the oxo compound which facilitates ring opening with triethyl phosphite. A sensible step would be to make the material without the methyl group at the strained centre, for which apopinene 27 is required as starting material. Indeed, reaction of apopinene with trithione 24 18 by a hetero Diels Alder reaction gave thione 28 in 67%
yield. Conversion of this thione to the oxo compound 29 with mercuric acetate proceeded satisfactorily and the product was cross-coupled with the unsubstituted thione 23 to give the donor 13 (Scheme 3). Subsequent crystal structure measurements of the donor in a TCNQ molecular complex 19 and in a triiodide salt (Fig 10) confirmed the stereochemistry of the addition reaction of trithione 24 to the less hindered face of apopinene. However, it is difficult to obtain the starting material (-)-apopinene from (-)-mytenal with high enantiopurity, not least because the enantiomers are interconverted by a shift in position of the double bond. Thus, our starting material had an e.e. of only 42% estimated from its optical rotation.
Scheme 2 Scheme 3
The rather acute orientation of the bicyclo[3.1.1]heptyl group relative to the rest of the molecule is not ideal for the close packing of the organosulfur residues. To obtain fusion of the chiral grouping to the BEDT-TTF system at a carbon-carbon double bond rather than a single one, the reaction of the (+)-nopinone enol acetate 30 with trithione 24 was attempted. It was reasoned that, after cycloaddition to give intermediate 31, the acetate group might be eliminated by nucleophilic displacement by the α-S atom to give cation 32 which could then lose a proton to give the desired product (Scheme 4). Indeed, this reaction was carried out by refluxing the enol acetate 30 with the trithione 24, and gave the desired fused thione 33 in 31% yield after purification. The thione 33 was converted in the usual manner to the oxo compound 34 in quantitative yield, which was cross-coupled with the unsubstituted thione 23 by reaction in trimethyl phosphite at 70 C for 20 hours to give the chiral donor 14 in 63% yield.
Scheme 4
The molecular structure of donor 14 has been determined by X-ray crystallography, and one of the two crystallographically unique molecules is disordered between two orientations. 19 The similar shapes of the two orientations of such a donor could be avoided if chirality were introduced at the other end of the donor. The most convenient way is to include two substituents related by a C 2 axis, which means there is only one stereoisomer for the cross-coupled material. We thus decided to make two further donors, 15 and 16, by cross-coupling of oxo compound 34 with (a) thione 21 to give the cross-coupled donor 15 in 64% yield, and (b) the chiral thione derived from D-mannitol 35 10 to give the cross-coupled donor 36 in 31%
yield, which was deprotected with aqueous HCl in THF to give the tetrol 16 (Scheme 5).
Scheme 5
Charge transfer salts and complexes
The c.v. data for donors 11-16 are given in Table 1 Resistivity measurements on the former 24 showed the material to be an insulator.
There was insufficient materials for such a measurement on (13) . The charge on the TCNQ molecule can also be estimated from its molecular geometry, 27 and analysis of the average geometry of the two TCNQ acceptors indicate that the charge is close to zero. Resistivity measurements on all three TCNQ complexes showed these materials to be insulators.
23
Measurements of the Raman and infra-red spectra also provide methods for assessing the degree of charge transfer in donors and acceptors. 22, 28 The Raman spectra for these complexes each show a prominent signal at ca 1600 cm -1 and another one in the range 1434-1450 cm 1 which would be consistent with neutral TCNQ. 29, 30 In contrast, the infra-red spectra of the TCNQ complexes of 13-15 show cyanide stretches in the range 2217-2213 cm 1 , which from the correlation of anionic charge with stretching frequency corresponds to a net negative charge of ca 0.35e. 28 However, the range in stretching frequencies between neutral and monoanionic TCNQ is just 44 cm 1 , so other effects from the crystal environment on the CN stretching frequency may easily upset the correlation between charge and stretching frequency. Bernstein has commented on a comparison of the crystallographic and spectroscopic data for TCNQ complexes in his recent comprehensive review 30 and elsewhere. 27 In summary, the data from the X-ray and Raman studies support the donor and acceptor being in their uncharged state in the TCNQ complex. Figure 11 . The four crystallographically unique molecules in a stack of 15·TCNQ.
Conclusions
Six new chiral donors have been prepared, and studies to prepare conducting materials initiated, though to date only 1:1 radical cation salts have been prepared. It is notable how the flexed organosulfur ring system of the donor 12 flattens out when it is oxidised to its +1 oxidation state. To form 2:1 salts, which are more likely to be conducting, there are two approaches. One is to use ET-derived donors which are only substituted at one end, so that they can stack head to tail, and such structures have been observed in achiral cases. 31 An alternative approach is to use mixtures of the chiral donors with an unsubstituted donor which can more readily adopt a planar structure even in their unoxidised state. Despite the reported electronic properties of BEDT-TTF·TCNQ complexes, it appears that more oxidising acceptors are needed for reaction with donors 13-15 to obtain electroactive materials. Further studies on the conversion of these chiral donors into conducting systems are currently underway.
From the synthetic chemistry point of view, with chiral thiones and oxo compounds Chemical analysis data were obtained from Mr Stephen Boyer, London Metropolitan
University. X-ray diffraction datasets were measured by the EPSRC National
Crystallography Service (NCS) at Southampton University, except for 
(5S,7S)-5,7-Dimethyl-6,7-dihydro-5H-1,3-dithiolo[4,5-b]-1,3-dithiepine-2-one 22
Mercuric acetate (4.40 g, 13.8 mmol) was added to a solution of the thione 21 (2.42 g, 9.08 mmol) in chloroform (100 mL). After stirring for 2 h, the reaction mixture was filtered and the solid residue washed with chloroform. The combined filtrates were concentrated in vacuo and the residue purified by flash chromatography [α] D = 153.0 (c = 0.2, CHCl 3 ). 192.5 (C=O), 139.1 (4a-C), 124.5 (8a-C), 118.1 (3a-C), 117.5 (9a-C), 49.5 (5-C), 40.6
Bis((2S,4S)-pentane-2,4-dithio)tetrathiafulvalene 11
(Ethylenedithio)((2S,4S)-pentane-2,4-dithio)tetrathiafulvalene 12
(7-C), 40.5 (6-C), 37.0 (8-C), 32.1 (10-C), 25. 
Electrocrystallisations
With donor 13
(a) Electrocrystallisation of donor 13 (10 mg) in a solution of tetrabutylammonium triiodide (57 mg) in chlorobenzene (20 mL) at room temperature, using a constant current of 0.1 μA over 3 weeks, afforded black crystals of (13) 
14·TCNQ
To a hot solution (90C) of TCNQ (5 mg, 0.023 mmol) in 1,1,2-trichloroethane (3 mL) was added a hot solution (90C) of donor 14 (11 mg, 0.023 mmol) in 1,1,2-trichloroethane (2 mL), and the mixture was heated at 90C for 2 h. 
15·TCNQ
To a hot solution (65C) of donor 15 (10 mg, 0.019 mmol) in a mixture of acetonitrile (5 mL) and chloroform (1.5 mL) was added a hot solution (65C) of TCNQ (5 mg, 0.024 mmol) in acetonitrile (3 mL), and the mixture was heated at 65C for 2 h. 
X-Ray Crystallography
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